The controlled growth of large-area, high-quality, single-crystal graphene is highly desired for applications in electronics and optoelectronics; however, the production of this material remains challenging because the atomistic mechanism that governs graphene growth is not well understood. The edges of graphene, which are the sites at which carbon accumulates in the twodimensional honeycomb lattice, influence many properties, including the electronic properties and chemical reactivity of graphene, and they are expected to significantly influence its growth. We demonstrate the growth of single-crystal graphene domains with controlled edges that range from zigzag to armchair orientations via growth-etching-regrowth in a chemical vapor deposition process. We have observed that both the growth and the etching rates of a single-crystal graphene domain increase linearly with the slanted angle of its edges from 0°to ∼19°and that the rates for an armchair edge are faster than those for a zigzag edge. Such edge-structure-dependent growth/etching kinetics of graphene can be well explained at the atomic level based on the concentrations of the kinks on various edges and allow the evolution and control of the edge and morphology in single-crystal graphene following the classical kinetic Wulff construction theory. Using these findings, we propose several strategies for the fabrication of wafer-sized, high-quality, single-crystal graphene.
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two-dimensional materials | crystal growth G raphene, a one-atom-thick, two-dimensional (2D) crystal, has attracted increasing interest because of its interesting properties, which include a large carrier mobility, high transparency, extremely high thermal conductivity, and high tensile strength (1-3). Wafer-sized single-crystal graphene is highly desired and required for numerous applications, especially in electronics and optoelectronics, because grain boundaries between the graphene domains markedly degrade its quality and properties (4) (5) (6) (7) (8) . Chemical vapor deposition (CVD) has shown great potential for growing large-sized single-crystal graphene domains (8) (9) (10) (11) (12) ; however, the growth rate with CVD is low, typically less than 20 μm/min, which is obviously not conducive to the fabrication of wafer-sized single crystals. In addition, the graphene produced by CVD suffers from poor controllability and low quality. For example, only zigzag (ZZ) or randomly oriented edges have been fabricated via CVD, and the electron mobility in CVD-produced graphene is substantially lower than that in mechanically exfoliated graphene (13) . Understanding the atomistic mechanism that governs graphene growth is necessary for the controlled growth of wafer-sized, high-quality, single-crystal graphene. The edge structure of graphene has been shown to significantly influence its various fundamental properties, such as its electronic and magnetic properties, its edge stability, and its chemical reactivity (14) (15) (16) (17) (18) . Similarly, the graphene edges, as the sites at which carbon accretion to the twodimensional honeycomb lattice occurs, likely influence the graphene growth (19) (20) (21) .
We report the growth of single-crystal graphene domains with controlled edges with orientations that range from ZZ to armchair (AC) via a CVD growth-etching-regrowth (G-E-RG) process. We observed that both the graphene growth and etching via CVD are strongly dependent on the edge structure. Such growth/ etching behavior is well explained at the atomic level given the concentrations of kinks on the various edges and allows the evolution and control of the graphene edges and the morphology according to the classical kinetic Wulff construction (KWC) theory. Thus, we explain the commonly observed ZZ edges and low graphene growth rate under CVD and propose several strategies for the fabrication of wafer-sized, high-quality, single-crystal graphene.
Results
Morphology, Edge Evolution, and Control over Single-Crystal Graphene in CVD. We used ambient CVD with a platinum foil substrate to investigate the morphology evolution and to tune the edge structure of single-crystal graphene domains. In a typical G-E-RG process, only the methane flow rate was changed to induce the growth, etching, and regrowth of the graphene; all other parameters were held constant (SI Appendix, Fig. S1 ). The experiments were highly reproducible, and most of the graphene domains obtained over a given reaction time exhibited similar structures (SI Appendix, Figs. S2 and S3). The morphology of the graphene domains on Pt was characterized by scanning electron microscopy (SEM), and the edge structure of the graphene domains
Significance
Controlled synthesis of wafer-sized single crystalline highquality graphene is a great challenge of graphene growth by chemical vapor deposition because of the complicated kinetics at edges that govern the growth process. Here we report the synthesis of single-crystal graphene domains with tunable edges from zigzag to armchair via a growth-etching-regrowth process. Both growth and etching of graphene are strongly dependent on the edge structure. This growth/etching behavior is well explained at the atomic level, given the concentrations of kinks on various edges, and allows control of graphene edges and morphology according to the classical kinetic Wulff construction theory. This work provides a deep understanding of the fundamental problems that limit graphene growth by chemical vapor deposition. was identified via Raman spectroscopy, transmission electron microscopy (TEM), and selective area electron diffraction (SAED) after being transferred onto Si/SiO 2 (280 nm thick) substrate or a TEM grid, using a bubbling transfer method (SI Appendix, Tables S1 and S2 and Figs. S4-S12). Fig. 1 shows the typical structure of single-crystal graphene domains obtained at various reaction times during a CVD G-E-RG process. Hexagonal, single-crystal graphene domains with ZZ edges were grown on the Pt surface with a relatively high methane flow rate [3.7 standard-state cubic centimeter per minute (sccm)] (Fig. 1A and SI Appendix, Figs. S4 and S5). As the reaction time was increased, the domain size increased, whereas the ZZ edge structure remained unchanged (Fig. 1B) . Surprisingly, when we slightly reduced the methane flow rate from 3.7 sccm to 3.3 sccm, the graphene domains switched from growing to being etched. When the etching time was increased, the domain size decreased, and the morphology and edge structure changed (Fig. 1 C-G) . slanted edges with an ∼19°angle from the ZZ edge ( Fig. 1F and SI Appendix, Figs. S8, S9, and S14). After that, the edge direction remained almost unchanged (Fig. 1G ), although the graphene domain continuously shrank. Hereafter, we refer to this specific edge structure as S19. It is also found that the etching rate of the graphene domains increases with the flow rate ratio of H 2 /CH 4 (SI Appendix, Figs. S2 and S15 and Table S3 ). Combined with the high catalytic ability of Pt for the dissociation of H 2 to form active atomic H, we suggest that the atomic H plays an important role in the etching of graphene domains in our system.
By simply increasing the methane flow rate from 3.3 sccm to 3.5 sccm, we apparently induced regrowth of the etched graphene domains (Fig. 1 H-L) . First, the 12 slanted outer edges of the dodecagonal domain change to alternating AC and ZZ edges (Fig. 1H) . Then, the six AC edges gradually shorten, whereas the six ZZ edges become longer ( Fig. 1 I-K and SI Appendix, Figs. S10 and S11). Finally, the graphene domain is transformed into a hexagon with ZZ edges (Fig. 1L and SI Appendix, Fig. S12 ). The hexagonal domain grows continuously with increasing reaction time but without any change to its morphology or edge structure (SI Appendix, Fig. S16 ), which is the same as that observed in Fig. 1 A and B .
In addition to the evolution of the outer edge structure, a perfect hexagonal hole in the ZZ edges appears at the center of the dodecagonal domain and quickly expands; however, the ZZ edge structure remains unchanged during the etching process (Fig. 1 E-G) . The formation of the hole likely results from the structural defects formed during the graphene nucleation (22) , and its unchanged edge directions, combined with the results of Raman spectroscopy analysis, provide strong evidence related to the crystallographic orientation of the outer edge. During the regrowth process, the inner hole shrinks and eventually disappears after its morphology evolves from a ZZ-edged hexagon (Fig. 1G ) to a dodecagon with identical slanted edges (Fig. 1H ) and then to a dodecagon with near-AC edges (Fig. 1I) . This evolution is identical to that of the etching process at the outer edges of the hexagonal domains depicted in Fig. 1 C-G. Edge-Structure-Dependent Growth and Etching of Single-Crystal Graphene. To achieve a quantitative understanding of the graphene growth and etching, we further studied the size evolution of the single-crystal graphene domains as a function of the reaction time during the etching and regrowth processes. Fig. 2A clearly demonstrates that the size evolution of the graphene domains as a function of time exhibits a nonlinear behavior. During the etching process, the shrinking of the single-crystal graphene domains accelerates. In contrast, the domains grow more and more slowly and eventually reach a constant growth rate after all of the edges have changed to ZZ during regrowth. A constant growth rate is also observed during the growth of the ZZ-edged hexagonal graphene domain (SI Appendix, Fig. S17 ). Because either the etching or the regrowth was performed under constant experimental conditions and was accompanied by a continuous edge evolution, the rates of both etching and regrowth must be edge-structure dependent. By fitting these data, we can obtain the etching and regrowth rates of a domain as a function of the average edge slanted angle, θ. The plots in Fig. 2B show a linear relationship between the etching/regrowth rate and θ,
where R E/G0 is the etching/regrowth rate of the ZZ edge, and β E/G is a constant. Of the edges, the S19 exhibits the highest etching and regrowth rates, which are two and six times greater than that of the ZZ edge, respectively. Moreover, the AC edge grows faster than the ZZ edge (SI Appendix, Fig. S18 ).
Theoretical Calculation. During the growth/etching of a graphene domain, the kinetics are determined by the addition/removal of carbon atoms onto/from the graphene edges. Both the AC and the ZZ edges are straight, with all edge carbon atoms located in a straight line. Therefore, the growth/etching of a straight AC/ZZ edge must be initiated by the formation of a nucleus or dent ( Fig.  3 A and B) . The height/depth of a nucleus/dent on a ZZ edge (h ZZ ) is 2.13 Å, whereas that on an AC edge (h AC ) is smaller at 1.23 Å. Therefore, the nucleus or dent on a ZZ edge may have higher formation energy than that on an AC edge. A slanted graphene edge can be considered as an AC or ZZ edge with kinks ( Fig. 3 C-E) . The addition or removal of carbon atoms onto/from a kink site leads to an only one-step propagation of the kink; any corresponding change in the formation energy should thus be negligible. Therefore, the kink sites are the most active for carbon addition or removal onto/from a graphene edge. If the graphene growth is attachment limited and all possibilities for carbon addition/removal onto/from an arbitrary graphene edge with a slanted angle θ are considered, then a simplified formula for the edge orientation-dependent growth/etching rate is (19, 21, 23, 24) RðθÞ ≈ n ZZ ðθÞ p expð−E ZZ =kTÞ + n AC ðθÞexpð−E AC =kTÞ + n K ðθÞ; [2] where n ZZ (θ), n AC (θ), and n K (θ) are the concentrations of the ZZ sites, the AC sites, and the kinks, respectively, along the edge. The calculated formation energies of the ZZ and AC nuclei on a Pt(111) surface are 2.24 eV and 1.60 eV, respectively ( Fig. 3F and SI Appendix), which is in agreement with the aforementioned analysis. Both of these energies are substantially greater than the thermal energy, kT ≈ 0.1 eV, at the graphene growth temperature. Thus, the values of the first and second terms in Eq. 2 are substantially smaller than that of the third term unless n K (θ) = 0. Therefore, the growth/etching rate of a slanted edge is linearly proportional to the concentration of its kinks. As described in the literature (19, 20) , the edge with a slanted angle of θ = 19.107°has the largest kink concentration, and the kink concentration on the edges increases or decreases linearly with θ for θ in the range of 0°-19.107°or 19.107°-30°(SI Appendix, Fig.  S19 ). Given Eq. 2, a linear relationship is expected between the growth/etching rate and θ for a slanted edge of θ = 19.107°with the highest growth/etching rate of all edge types: RðθÞ ≈ n K ðθÞ = θ=h ZZ ; for 08 < θ < 19:1078 RðθÞ ≈ n K ðθÞ = ð308 − θÞ=h AC ; for 19:1078 < θ < 308: [3] Given the larger barrier for initiating nucleation, the growth/ etching rate of the ZZ edge must be slower than that of the AC edge. Therefore, the growth/etching rate of the graphene edges follows the order (23)
where R S19 , R SL , R AC , and R ZZ are the growth/etching rates of the S19, the other slanted, the AC, and the ZZ edges, respectively. These results are in perfect agreement with our experimental observations shown above.
Discussion
The aforementioned morphology evolution can be well explained by the classical theory of crystal growth (Fig. 3 G-I and SI Appendix, Figs. S20-S22). The morphology of a grown/etched crystal surface is governed by the dynamics of addition or removal of atoms, which is strongly dependent on the type of surface. However, in 2D graphene, the surface degenerates into linear edges. During the growth process, according to the KWC theory (25) , the edges that grow rapidly become smaller; eventually, only the edges with the slowest growth rate (the ZZ edge) survive (Fig. 3 G and I) . In contrast, during the etching process, the edges with a slow etching rate disappear, and those with the highest etching rate (the S19 edges) eventually dominate the circumference of the graphene domain ( Fig. 3 G and H) . The growth/etching from the vertexes of a graphene domain leads to the formation of various edges, including ZZ, AC, and slanted edges (θ = 0°to ∼19°). However, the evolution of the hole is opposite to that of the outer circumference of a 2D crystal because the hole-edge propagation during etching equals the growth of the outer circumference and vice versa. Therefore, the edge-structuredependent growth/etching rate determines the edge and morphology evolution of the graphene domains during both CVD growth and etching processes. These results indicate that graphene edges do not maintain a constant orientation during both CVD growth and etching and that the morphology of the graphene domains is not determined by nucleation; the morphology is rather determined by the dynamics of the addition/removal of carbon atoms onto/from their edges. Such unique growth/etching behavior of graphene differs noticeably from that of its one-dimensional counterpart, singlewalled carbon nanotubes, whose chirality and growth rate remain unchanged over time under the same conditions because of their cylindrical topology (19, 23) . This unique growth/etching behavior of graphene allows us to tune the morphology and edge structure of single-crystal graphene domains by simply changing the reaction time and the flow rate of the carbon feedstock. Because the rapidly growing slanted edges disappear quickly, the growth of singlecrystal graphene domains is largely governed by the addition of carbon atoms onto the surviving ZZ edges with the slowest growth rate. Thus, the observed average growth rate of single-crystal graphene domains is relatively low, especially over long reaction times (8) (9) (10) (11) (12) . We suggest that an increase in the growth temperature and the use of substrates with low ZZ nucleus formation energies provide two possibilities for increasing the graphene growth rate because these approaches can potentially increase the addition rate of carbon atoms onto the ZZ edges. In our experiments, for example, the average growth rate of single-crystal graphene on Pt increased approximately twofold at the higher growth temperature of 1,070°C, even at a low methane flow rate of 3.0 sccm. The average growth rate of single-crystal graphene on liquid Cu can reach 50 μm/min at 1,080-1,160°C (26) .
In addition, the regrown graphene domains are defect-free (SI Appendix, Fig. S12 ), which indicates the perfect incorporation of carbon atoms onto the domain edges. We further confirmed the high quality of the regrown graphene domains via etching (Fig. 4) . As shown in Fig. 1 E-G, a hole typically appears in the center of the as-grown single-crystal graphene domain after a given etching time because of the structural defects that form during graphene nucleation (22) . In contrast, visible holes do not appear in the regrown graphene domains during etching even after their outer edges have transformed into S19 ( Fig. 4B and SI Appendix, Fig. S23 ), and the Raman spectra of these domains do not show strong defect-related D peaks (1,300∼1,400 cm −1 ) (Fig. 4C) ; these results suggest a complete healing of the structural defects during regrowth. Therefore, the regrowth of graphene provides an effective method for healing defects and improving the quality of defective single-crystal graphene. In addition, the density of the graphene domains can be tuned via etching (SI Appendix, Fig. S23 ). We eventually obtained a single graphene domain by extending the etching time. Therefore, the observed high reversibility of the graphene etching and regrowth, combined with the varying activation energies for graphene nucleation and growth (27) , enables the CVD fabrication of wafer-sized, high-quality single-crystal graphene.
Conclusions
We report an experimental and theoretical study of the growth kinetics of single-crystal graphene during a CVD growth-etchingregrowth process. We found that the graphene edges and morphologies are not determined by the nucleation but are kinetically controlled during the CVD process and that defects in the graphene can be healed through an etching-regrowth process. We observed that the growth/etching rate of the graphene edges follows the order R S19 > R SL > R AC > R ZZ and increases linearly with the slanted angles within 0°−19°relative to the ZZ direction. These results are explained theoretically at the atomic level by the different kink concentrations on various edges (23) . Such edgestructure-dependent growth and etching behaviors combined with the KWC theory explain the edge and morphology evolution and the experimental observations that, with respect to the preparation of single-crystal graphene via the CVD process, the ZZ edge is dominant, and the graphene growth rate is low. This work provides a deeper understanding of the fundamental problems that limit the applications of CVD-grown graphene, and we have proposed several strategies for the fabrication of wafer-sized, highquality, single-crystal graphene.
Methods CVD Growth of Graphene. A typical G-E-RG experiment includes three stages: growth, etching, and regrowth (SI Appendix, Fig. S1 ). For graphene growth, a piece of Pt foil (180 μm thick, 99.9 wt% metal basis) was rinsed with acetone, water, and ethanol in sequence for 40 min each. The foil was then loaded into a fused-silica reaction tube (inner diameter: 22 mm) and heated to 1,040°C under the protection of 200 sccm H 2 ; the Pt foil was annealed at 1,040°C for 10 min in H 2 to remove any residual carbon or organic substances. Growth was then initiated and maintained for a certain time under a mixture of gaseous CH 4 (3.7 sccm) and H 2 (700 sccm). After the graphene growth stage, the CH 4 flow rate was reduced from 3.7 sccm to 3.3 sccm for graphene etching; the other parameters were held constant. After the graphene was etched, we regrew the graphene by increasing the CH 4 flow rate from 3.3 sccm to 3.5 sccm while holding all other parameters constant. The reaction time for each stage was recorded from the point at which the CH 4 flow rate was altered.
Characterization. To investigate the structure of the single-crystal graphene domains obtained after a given reaction time, the Pt foil was quickly removed from the high-temperature zone. The furnace was shut down, and the CH 4 flow was stopped after the furnace temperature decreased to less than 600°C. Such operations ensure a rapid quenching of the reactions and allow the structure to be captured after a given time. Then, the Pt foil covered by the graphene domains was taken out for morphological analysis of the graphene via SEM (Nova NanoSEM 430, acceleration voltage of 15 kV). The graphene domains were then transferred onto a Si/SiO 2 (280 nm thick) substrate or a TEM grid, using a bubbling transfer method for optical (Nikon LV100D) and Raman analyses (JY HR800) or TEM (FEI Tecnai T12, 120 kV) observations and SAED measurements to identify their edge structures (SI Appendix). Because the bubbling transfer process does not cause any structural change in the Pt substrate (8) , the same Pt substrate was reused in additional growth experiments after the graphene transfer.
Calculations. The formation energies of the ZZ and AC nuclei were calculated within the density functional theory framework, as implemented using the Vienna Ab initio simulation package (SI Appendix). 
